Fibroblasts play a major role in tissue repair and remodeling. Their differentiation into myofibroblasts, marked by increased expression of smooth muscle-specific a-actin (a-SMA), is believed to be important in wound healing and fibrosis. We have recently described a role for MK2 in this phenotypic differentiation in culture. In this article, we demonstrate that MK2 also regulates myofibroblasts in vivo. Disruption of MK2 in mice prevented myofibroblast formation in a model of pulmonary fibrosis. However, MK2 disruption and consequent lack of myofibroblast formation exacerbated fibrosis rather than ameliorated it as previously postulated. When mice lacking MK2 (MK2 2/2 ) were exposed to bleomycin, more collagen accumulated and more fibroblasts populated fibrotic regions in their lungs than in similarly treated wild-type mice. While there were many vimentin-positive cells in the bleomycin-treated MK2 2/2 mouse lungs, few a-SMA-positive cells were observed in these lungs compared with wild-type mouse lungs. siRNA against MK2 reduced a-SMA expression in wild-type mouse embryonic fibroblasts (MEF), consistent with its suppression in MK2 2/2 MEF. On the other hand expressing constitutively active MK2 in MK2 2/2 MEF significantly increased a-SMA expression. MK2 2/2 MEF proliferated at a faster rate and produced more collagen; however, they migrated at a slower rate than wild-type MEF. Overexpressing phosphomimicking HSP27, a target of MK2, did not reverse the effect of MK2 disruption on fibroblast migration. MK2 disruption did not affect Smad2 activation by transforming growth factor-b. Thus, MK2 appears to mediate myofibroblast differentiation, and inhibiting that differentiation might contribute to fibrosis rather than protect against it.
Pulmonary fibrosis as a major component of interstitial lung disease is characterized by abnormal fibroblast proliferation and deposition of extracellular matrix proteins that remodel the normal pulmonary tissue structure and compromise its function. In some forms of interstitial lung disease, for example, idiopathic pulmonary fibrosis (IPF), the mechanism by which fibrosis arises remains poorly understood (1, 2) . Differentiation of fibroblasts into myofibroblasts has long been believed to be an important event in many conditions such as wound repair and fibrosis. For example, it has been reported that myofibroblasts occur in areas of active fibrosis and are responsible for production and deposition of extracellular matrix (ECM) proteins in pulmonary fibrosis (3). We have recently described a key role for MK2 (mitogen-activated protein kinase-activated protein kinase 2 or MAPKAPK2) in the differentiation of mouse embryonic fibroblasts into myofibroblasts (4) . We now demonstrate that MK2 is also necessary for myofibroblast formation in vivo in a model of pulmonary fibrosis. Furthermore, our results indicate that MK2 disruption leads to more severe pulmonary fibrosis in response to bleomycin treatment, suggesting that it might be a target in pulmonary and other types of fibrosis.
Fibrosis arises in several tissues in response to inflammation and chemical injury, or idiopathically, leading to accumulation of fibroblasts that deposit ECM proteins. Such processes are part of normal wound healing, and are often reversible by apoptosis of accumulating fibroblasts and resorption of ECM proteins. However, in fibrosis the proliferation of fibroblasts and ECM deposits appear excessive and dysregulated, resulting in the gradual displacement of normal tissue by fibrotic foci that disrupt tissue function. Studies aimed at elucidating the mechanisms of fibrosis implicated certain cytokines in animal models as well as in human patients. In the lungs of patients with IPF, transforming growth factor (TGF)-b (5), IL-1b, and TNF-a (6, 7) were reported to be elevated. Indeed TGF-b is believed to play a pivotal role in fibrosis, and its overepxression in mice is sufficient to cause pulmonary fibrosis independent of injury and inflammation (8, 9) . TGF-b is a cytokine that can exert many actions and has been implicated in diseases ranging from cancer to pulmonary hypertension. One action of TGF-b that has been of interest in fibrosis research is its causing fibroblasts to differentiate into myofibroblasts, which are known to accumulate in sites of fibrosis (3, (10) (11) (12) (13) .
Myofibroblasts, which are believed to play a role in wound contraction, are more contractile than fibroblasts due to increased expression of the smooth muscle-specific proteins, such as a-SMA (for review, see Ref. 14) . Studies into the mechanism by which myofibroblast differentiation occurs focused on signaling pathways activated by TGF-b in fibroblasts. TGF-b is known to signal through Smad proteins (for review, see Ref. 15 ), but can also activate Ras and Erk (16, 17) , Rho GTPase and JNK (18) , as well as p38 MAP kinase (19) . Inhibition of p38 has been reported to reduce pulmonary (20, 21) and renal (22) fibrosis in animal models. We have recently reported that MK2, a kinase which is a substrate for p38, plays an important role in the differentiation of fibroblasts into myofibroblasts (4) . Our findings demonstrated that disrupting the expression of MK2 in
CLINICAL RELEVANCE
Our findings implicate MK2 in the pathogenesis of pulmonary fibrosis. They further suggest that myofibroblasts might play a protective role in pulmonary fibrosis, in contrast to the commonly held view that they contribute to the pathogenesis of fibrosis. mouse embryonic fibroblasts causes these cells to express significantly less a-SMA. Furthermore, cells that lacked MK2 did not increase a-SMA expression in response to treatment with TGF-b as did wild-type fibroblasts (4) . Thus MK2 appeared to be necessary for myofibroblast differentiation.
We launched this current study to examine whether the disruption of MK2 in knockout mice will also reduce myofibroblast differentiation in vivo and whether it will affect the development of fibrosis. Using bleomycin to model pulmonary fibrosis, we demonstrate that MK2 is indeed important for myofibroblast formation in vivo. Furthermore, absence of MK2 and lack of myofibroblast formation resulted in more severe fibrosis. These findings suggest that myofibroblast formation might be part of the repair phase of fibrosis rather than of active damage, and that MK2 activity is necessary for that process to occur.
MATERIALS AND METHODS

Materials and Reagents
Media and supplements (Dulbecco's modified Eagle's medium [DMEM]), fetal bovine serum (FBS), penicillin G potassium, streptomycin, fungizone, and glutamine were purchased from Invitrogen (Carlsbad, CA). TGF-b was purchased from R&D Systems (Minneapolis, MN) and activated before use according to manufacturer's instructions. SB431542 and all other reagents and drugs were obtained from Sigma (St. Louis, MO). On the day of the experiments, all drugs were diluted in serum-free medium.
Animals
Mice that lack MK2 (MK2 2/2 ) were generated as described earlier (23) . In brief, a neo selection cassette, which contains translational stop codons in all three reading frames, was inserted into the Sac I site located in the exon that encodes subdomains V and VI of MK2. MK2 2/2 mice were then backcrossed into C57BL/6J mice, and lack of expression of MK2 was verified by PCR and immunoblotting as described earlier (4) . Wild-type C57BL/6J from Charles River Laboratories (Wilmington, MA) were used as controls for the described experiments. These mice were anesthetized with xylozine-ketamine, and then saline or bleomycin (3 U/kg in 50 ml) were introduced into their lungs by insufflation.
Cell Culture
Immortalized mouse embryonic fibroblasts (MEF) from wild-type and MK2 2/2 knockout mice were prepared as described earlier (23) . Primary embryonic fibroblasts from C57BL/6J wild-type or MK2 2/2 mice were co-transfected with pSV40Tag encoding the SV40 large T antigen and the pREP8 plasmid, followed by selection and expansion of histidinol-resistant colonies. MEF cells were maintained in DMEM containing 10% FBS, penicillin, streptomycin, fungizone, and glutamine at 378C in humidified air containing 5% CO 2 . MEF were passaged in 0.25% trypsin-0.02% EDTA solution, and 1 day before the experiments cells were maintained in serum-free or 1% serum-containing media.
For rescue experiments, MK2 2/2 MEF were transfected with pcDNA3-MK2EE, in which the residues T205E and T317E were mutated to act as constitutively active MK2 (caMK2) as we described earlier (24) . The pcDNA3-MK2EE vector was co-transfected with pMEpuro (a selection vector that confers resistance to puromycin to eukaryotic cells). For studying the effects of HSP27 phosphorylation, wild-type and MK2 2/2 MEF were transfected with the pcDNA3-HSP27PM (25) to express HSP27 in which the residues, S15D, S78D, and S82D were mutated to mimic phosphorylated HSP27 (pmHSP27). The pmHSP27 vector was introduced alone in the case of wild-type MEF, and co-transfected with pMEpuro in the case of MK2 2/2 MEF. The vectors were introduced (5 mg of pmHSP27 or caMK2, and 0.5 mg pMEpuro) into MEF using lipofectamine. Stable transfected wild-type MEF cell lines were obtained by selection with geneticin, and resistant colonies were isolated, expanded, and then screened for pmHSP27 or MK2 by immunoblotting of cell lysates with anti-HSP27 or anti MK2 antibodies. As MK2 2/2 MEF were already resistant to geneticin, stable transfectants produced by co-transfection with pMEpuro were selected with puromycin, and resistant clones were isolated and expanded as above.
For proliferation assays, cells were seeded in 12-well dishes and cultured for 24, 48, and 72 hours. Counting was performed after trypsinizing the cells using a Coulter counter apparatus according to manufacturer's instructions.
For migration assays, cells were plated in 35-mm dishes. After 24 hours the monolayer was scratched with a sterile tip to make the wounding gap (time 0 h). Cells were cultured for another 24 hours in 10% serum media and then fixed with 4% formaldehyde for 10 minutes. Four pictures were randomly taken from duplicate dishes and wound closure was compared with time 0 h to assess cell migration.
Collagen Assay
After 14 days of exposure to bleomycin or saline, lungs were removed and snap frozen. Next, lungs were assayed for acid-soluble collagen using the Sircol Assay (Biocolor Ltd, Newtownabbey, UK). In brief, lungs were minced into small cubes and incubated overnight in 10 vols of 0.5 M acetic acid. Next, homogenates were incubated with an aliquot of Sircol Dye reagent (Sirus Red in picric acid) for 30 minutes. The collagen-dye complex was then pelleted by centrifugation at 10,000 3 g for 10 minutes. The dye was next extracted with 0.5 M NaOH, and the absorbance of samples along with known collagen standards was measured at 540 nm in a Tecan Spectrafluor plate reader. The same assay was used to assay collagen in conditioned media from MEF cells (without the acid step) and in cell lysates (scraped into 0.5 M acetic acid).
Histochemistry and Immunohistochemistry
Lungs were instilled intratracheally with 4% formaldehyde at 21 cm H 2 O pressure. The tissue blocks were then embedded in paraffin, and 4-mm sections were cut for staining. Gomori's Trichrome staining was used to highlight collagen deposition. The Gomori's Trichrome staining was used to assign a fibrosis score as follows. Three investigators were asked to blindly score three sections from each animal (seven saline-treated wild-type, eight bleomycin-treated wild-type, four salinetreated MK2 2/2 , and eight bleomycin-treated MK2 2/2 mice). Each slide was given a value as 0, 1, or 2 according to the area and degree of target staining excluding airways and blood vessels, and the scores were pooled and averaged. Other sections were immunostained with antibodies against a-SMA (1A4; Biogenex, San Ramon, CA) and vimentin (VIM 3B4; Ventana, Tucson, AZ) using an automated immunostainer (Ventana) according to manufacturer's instructions. An IgG control (mouse IgG; Ventana) was included to control for nonspecific staining. The immunostainer uses biotinylated secondary antibodies and horseradish peroxidase complexed by avidin, followed by diaminobenzidine for colorimetric detection (Ventana). Three sections from two animals/ treatment group were processed for immunolabeling simultaneously to control for staining variability. The area and degree of labeling, excluding airways and blood vessels, were used to rank the sections blindly by three investigators. The assigned scores were pooled and averaged as with the Trichrome staining.
siRNA Transfection
Eighty to ninety percent confluent cells were transfected with MK2 siRNA (Cat # 16704; Ambion, Austin, TX) and negative control siRNA (Cat # 4611; Ambion) with Lipofectamine 2000 (Invitrogen) at indicated concentrations for 30 hours according to the manufacturer's instructions. Western blotting was then performed to test the silencing effect of siRNA on the expression levels of target proteins.
SDS-PAGE and Immunoblotting
Cell lysates were assayed for protein using the Bradford protein assay (26) and then diluted with 23 Laemmli loading buffer for SDS-PAGE (27) . Equal amounts of protein were then loaded in 4 to 20% Tris/ glycine gels, and electrophoresed for 90 minutes at 125 V constant voltage. Next, the gel was blotted onto an Immobilon-P membrane by electrophoretic transfer at 25 V constant voltage overnight. The membrane was then washed, blocked with 5% milk, and probed with antibodies against MK2, p38, and phospho p38 (Cell Signaling, Beverly, MA), a-SMA (1A4; Sigma), pan-actin (C-2; Santa Cruz, Santa Cruz, CA), smad2/3(18, BD-Transduction Laboratories, San Jose, CA), and phospho-smad2 (138D4; Cell Signaling). Appropriate secondary antibodies conjugated to horseradish peroxidase (Pierce, Rockford, IL), and a chemiluminescent substrate (SuperSignal; Pierce) were used according to the manufacturer's instructions to visualize immunoreactive bands.
Statistical Analysis
Data are presented as means 6 SD. Statistical differences were determined by either Student's t test for comparison of two sample means or ANOVA for comparison of more than two sample means followed by Holm-Sidak post hoc testing for multiple comparisons between two sample means. Holm-Sidak test considers the rank of the P values of each comparison and the number of comparisons in calculating statistical significance. Statistical analysis was performed using SigmaStat (Systat, San Jose, CA). P , 0.05 was considered statistically significant.
RESULTS
MK2 2/2 Mice Are More Susceptible to Fibrosis than Wild-Type Mice
We have recently described that embryonic fibroblasts (MEF) isolated from MK2 2/2 mice expressed less a-SMA than their wild-type counterparts either at baseline or in response to TGFb (4). In continuation of this project we attempted to ascertain the relevance of these findings to the whole animal. Thus we assessed the development of pulmonary fibrosis in MK2 2/2 mice compared with wild-type mice. Animals from each group were exposed to either saline or bleomycin, a chemotherapeutic associated with pulmonary fibrosis in human patients that has been used extensively to model pulmonary fibrosis in animals. After 2 weeks of exposure to a single dose of saline or bleomycin, mice were evaluated for the amount of acid-soluble collagen in their lungs. An increase in collagen deposition is associated with fibrosis. As shown in Figure 1 , treatment with bleomycin caused a significant increase in acid-soluble lung collagen content in both wild-type and MK2 2/2 mice. However, the increase in collagen in response to bleomycin was significantly higher in MK2 2/2 mice (180%) than in wild-type mice (77%). These data suggested that MK2 2/2 mice might be more susceptible to fibrosis than wild-type mice.
To confirm the findings of the collagen assay, we examined lungs from the mice treated as described above histochemically. After perfusion and fixation, lung sections were stained with Gomori's Trichrome stain, which stains collagen. As shown in Figures 2A-2D , the bleomycin-treated animals had significant cellularity in regions that should correspond to airspaces. The Trichrome stain also revealed increased collagen deposition (blue) in interstitial spaces of bleomycin-treated mice compared with saline-treated mice (Figures 2A-2D) . Furthermore, the bleomycin-treated MK2 2/2 mice developed more severe fibrosis compared with the wild-type mice. To quantify the fibrosis in these mice, we ranked several Trichrome-stained sections from differently treated mice as described in MATERIALS AND METHODS. Figure 2E shows the average and standard deviations of the pooled fibrosis scores. Both wild-type and MK2 2/2 bleomycintreated mice had significantly higher fibrosis scores than the saline-treated corresponding mice. Moreover, there was a statistically significant difference between the wild-type and MK2 2/2 bleomycin-treated mice, indicating that MK2 2/2 mice developed more severe pulmonary fibrosis than wild-type mice.
Disruption of MK2 Leads to a-SMA Suppression, and Overexpression of MK2 Rescues Expression of a-SMA in MK2 2/2 Fibroblasts
We have recently reported that MEF from MK2 2/2 mice express much less a-SMA than MEF from wild-type mice (4). Since different populations of fibroblasts have been reported to produce different amounts of a-SMA, we wished to eliminate the possibility that our findings were due to isolation of different populations of MEF from MK2 2/2 and wild-type mice. Furthermore, we wanted to test if the observed reduction in a-SMA in MK2 2/2 MEF was due to a developmental effect in MK2 2/2 mice. Thus we used siRNA against MK2 to suppress the expression of MK2 in wild-type MEF. As shown in Figure 3 , MK2 siRNA transfection caused a significant reduction in the level of MK2 expressed in wild-type MEF compared with negative control siRNA-transfected MEF. When these cells were probed for the expression of a-SMA, we observed that the MK2 siRNA transfecteion also inhibited the expression of a-SMA ( Figure 3A) . To further test the causal relationship between MK2 activity and a-SMA expression, we stably transfected MK2 2/2 MEF with a constitutively active form of MK2 (caMK2). As shown in Figure 3B , overexpression of caMK2 resulted in a significant increase in a-SMA expression. These findings indicate that MK2 plays an important role in myofibroblast differentiation regardless of fibroblast population or developmental effects.
We next evaluated the expression of a-SMA in the lungs of MK2 2/2 and wild-type mice. Thus we stained lung sections from mice treated with saline or bleomycin as described above with an antibody against a-SMA. Smooth muscle cells in wild-type and MK2 2/2 lungs both stained positively for a-SMA in the vasculature and airways independently of the treatment (Figures 4A-4E ), suggesting that MK2 disruption has no effect on a-SMA expression in smooth muscle cells. However, in the bleomycin-treated mice, a different staining pattern for fibroblasts emerged. In lung sections from wild-type bleomycintreated mice, there were many cells in areas of fibrosis that stained positively for a-SMA actin (Figure 4B ), consistent with Figure 1 . MK2 2/2 lungs produce more collagen in response to bleomycin treatment than wild-type lungs. Bleomycin caused an increase in acid-soluble collagen deposition in both wild-type and MK2 2/2 lungs. However, the collagen deposition was significantly higher in MK2 2/2 bleomycin-treated lungs than in wild-type bleomycin-treated lungs. * Statistically significant difference from salinetreated wild-type mean, # statistically significant difference from saline-treated MK2 2/2 mean,^statistically significant difference from bleomycin-treated wild-type mean. P , 0.05 in ANOVA and HolmSidak post hoc analysis. Shaded bars, saline; solid bars, bleomycin.
the presence of myofibroblasts in these lesions. However, areas of extensive fibrosis in the MK2 2/2 bleomycin-treated mice contained minimal staining for a-SMA ( Figure 4D ). We attempted to quantify differences in a-SMA staining by having three investigators blindly rank several slides for the degree of a-SMA labeling in fibrotic areas. As shown in Figure 4E , MK2 2/2 sections contained significantly less a-SMA-positive fibroblasts than wild-type sections. Furthermore, the number of a-SMA-positive cells populating areas of fibrosis in bleomycintreated MK2 2/2 sections were not significantly different from either wild-type or MK2 2/2 saline-treated sections. We confirmed the presence of fibroblasts in these areas using an antibody against vimentin, which revealed many vimentinpositive cells in areas of fibrosis in both wild-type and MK2 2/2 belomycin-treated mice ( Figure 4F-I) . Indeed scoring of vimentin slides in the manner we followed with a-SMA staining revealed more vimentin staining in bleomycin-treated MK2 2/2 sections than in bleomycin-treated wild-type sections ( Figure 4J ). These findings indicate that extensive pulmonary fibrosis can occur at a more severe degree without correlating with a higher number of a-SMA-positive fibroblasts. Since a-SMA is one of the most commonly used markers for myofibroblasts, a reexamination of its role in defining myofibroblasts or the role of myofibroblasts in fibrosis might be warranted. Figure 2 . MK2 2/2 mice develop more severe fibrosis in response to bleomycin than wild-type mice. Treatment of wild-type mice with bleomycin (B) caused significant cellularity and collagen deposition (blue staining) relative to saline-treated wild-type mice (A), as revealed by Gomori's Trichrome stain. MK2 2/2 mice exhibited more severe cellularity and collagen deposition in response to bleomycin (D), compared with saline-treated MK2 2/2 mice (C) and bleomycin-treated wild-type mice (B). Several slides were scored as described in MATERIALS AND METHODS. Average scores demonstrate that bleomycin-treated MK2 2/2 mice develop more severe fibrosis than bleomycin-treated wild-type mice (E). Shaded bars, saline; solid bars, bleomycin. * Statistically significant difference from saline-treated wild-type mean, # statistically significant difference from saline-treated MK2 2/2 mean,^statistically significant difference from bleomycin-treated wild-type mean. P , 0.05 in ANOVA and Holm-Sidak post hoc analysis.
Embryonic Fibroblasts from MK2 2/2 Mice Exhibit a Higher Proliferative Rate and Secrete More Collagen than Wild-Type Fibroblasts
Since both MEF and whole animals exhibit the same characteristic inhibition of a-SMA in response to MK2 disruption, we investigated other characteristics of fibroblasts in culture that might explain the observations we made in bleomycin-treated mice. When seeded at equal density, MEF from MK2 2/2 mice grew at a faster rate than their wild-type counterparts. This effect was observed at 10% serum and in the absence of serum, such that MK2 2/2 were more tolerant to serum deprivation. As shown in Figure 5A , MK2 2/2 MEF cell count increases faster than wild-type MEF. Such increased proliferation rate might explain the excessive cellularity observed in fibrotic foci in bleomycin-treated MK2 2/2 mouse lungs.
We next assayed collagen in wild-type and MK2 2/2 MEF after seeding at equal density and maintaining in 1% serum for 24 hours. As shown in Figure 5B , MK2 2/2 fibroblasts produced more collagen than their corresponding wild-type fibroblasts. These data are consistent with the increased collagen deposition we observed in the lungs of bleomycin-treated MK2 2/2 mice relative to wild-type mice (Figure 1 ).
MK2 2/2 Fibroblasts Are Defective in Migratory Activity and the Defect Is Not Due to Lack of Phosphorylated HSP27
We have already established that MEF from MK2 mice lack a-SMA and linked that causally to MK2 expression. MK2 2/2 MEF have been described to migrate more slowly than their wild-type counterparts (28) . We have assayed the ability of MEF to repopulate a wound made by a sterile pipette in a tissue culture dish. As seen in Figure 6 , wild-type MEF repopulated the wounded area much faster than the MK2 2/2 cells. As MK2 is known to alter the actin cytoskeleton through its direct action on the small heat shock protein HSP27, we also generated stably transfected phosphomimicking (pm) HSP27 MK2 2/2 MEF. We have previously demonstrated that expressing this construct stably in endothelial cells causes an increase in actin stress fibers, which is believed to represent a more contractile phenotype (24) . While transfected MK2 2/2 MEF expressed pm HSP27, they were still defective in migration compared with wild-type cells (Figure 6 ). These results indicate that MK2 affects migration of fibroblasts, not through its effect on HSP27 phosphorylation, but possibly through a direct effect on a-SMA expression.
Disruption of MK2 Does Not Affect Smad Signaling, Which Appears to Be Upstream of p38
Fibroblast proliferation and a-SMA expression have been linked to factors such as TGF-b, which is known to exert many of its effects through Smad signaling. Thus we wished to examine this signaling pathway in MK2 2/2 versus wild-type MEF. After treatment with TGF-b (1 ng/ml) for different times, we assayed Smad2 phosphorylation. As shown in Figure 7A , Smad2 phosphorylation is activated by TGF-b similarly in wild-type or MK2 2/2 MEF, indicating that MK2 is not upstream of Smad2 in TGF-b-activated signaling. We also examined the activation of p38, which is an upstream activator of MK2, by TGF-b in both cell types, and demonstrated that it is indeed activated, albeit at a later time-course than Smad2 ( Figure 7A ). The fact that p38 becomes activated in MK2 2/2 cells is consistent with its being upstream of MK2. When wild-type or MK2 2/2 fibroblasts were preincubated with an inhibitor of TGF-b Type I receptor kinase SB431542 (10 mM), Smad2 activation by TGF-b peaking at 60 minutes was inhibited in both cell types. Furthermore, inhibiting Smad2 activation by SB431542 also inhibited p38 activation ( Figure 7B ). These findings suggest that Smad2 signals upstream of MK2 and that the effects of MK2 on fibroblast physiology and fibrosis are not due to altered downstream Smad signaling.
DISCUSSION
Fibrosis occurs when fibroblasts and the extracellular matrix proteins they produce, such as collagen, accumulate in tissues, replacing normal tissue that is required for proper organ function. In pulmonary fibrosis, which can arise in response to drugs, asbestos, physical injury, inflammation, or unknown agents, the replacement of alveolar epithelium by fibrotic tissue results in inadequate gas exchange. Pulmonary fibrosis, particularly when due to unknown etiology (i.e., IPF), is usually progressive and fatal. Research on the role played by fibroblasts in fibrosis has increasingly focused on a differentiated form of fibroblasts, the myofibroblast. Because of their expression of smooth musclespecific proteins, such as a-SMA, their known role in wound contraction and cytokine production, as well as their localization near fibrotic foci, myofibroblasts were suspected to promote fibrosis. Thus significant research has been conducted into the mechanism by which fibroblasts differentiate into myofibroblasts. In this article we describe an important role for the kinase MK2 in fibroblast differentiation into myofibroblasts in culture and in mice with pulmonary fibrosis. Furthermore, our results suggest that MK2 and myofibroblast formation might play a role in protection against rather than in causing fibrosis. Transfection of wild-type MEF with siRNA against MK2 reduced the level of MK2 and a-SMA relative to negative control siRNA (C siRNA) transfection in a dose-dependent manner (A). MK2 siRNA transfection had no effect on total actin expression (A). On the other hand, transfection of MK2 2/2 MEF with a constitutively active form of MK2 (caMK2) caused a significant increase in a-SMA expression (B).
Myofibroblasts are believed to be derived from fibroblasts or epithelial cells through differentiation into a muscle cell-like phenotype, which is identified by expression of smooth musclespecific proteins such as a-SMA. The classical profibrotic cytokine TGF-b, which is elevated in IPF lungs (5), causes fibroblasts to differentiate into myofibroblasts (10-13). As TGF-b has been central to pulmonary fibrosis pathogenesis (5, 29, 30) , investigating its effect on fibroblasts was of particular interest. TGF-b belongs to a large family of proteins, including members such as bone morphogenetic proteins, that are implicated in a variety of However, vimentin-positive cells were much more prominent in fibrotic regions of bleomycin-treated MK2 2/2 lung sections, reflecting a higher degree of fibrosis (G, I). (A, F) Saline-treated wild-type, (B, G) bleomycin-treated wild-type, (C, H) saline-treated MK2 2/2 , (D, I) bleomycin-treated MK2 2/2 . Blind scoring of several anti-a-SMA-labeled slides from each treatment as described in MATERIALS AND METHODS demonstrates that, excluding smooth muscle cells in airways and blood vessels, bleomycin-treated MK2 2/2 lung sections contain significantly less a-SMA-positive cells than bleomycin-treated wild-type lung sections (E). On the other hand, similar scoring of anti-vimentin-labeled slides demonstrates that, bleomycintreated MK2 2/2 lung sections contain significantly more vimentin-positive cells than bleomycin-treated wild-type lung sections (J). Shaded bars, saline; solid bars, bleomycin. * Statistically significant difference from saline-treated wild-type mean, # statistically significant difference from bleomycin-treated MK2 2/2 mean,^statistically significant difference from saline-treated MK2 2/2 mean. P , 0.05 in ANOVA and Holm-Sidak post hoc analysis.
diseases, such as cancer and pulmonary hypertension. It exerts its actions primarily through cell surface receptors that activate Smad proteins (for review, see Ref. 15 ). TGF-b has also been reported to activate Ras and Erk (16, 17) , Rho GTPase and JNK (18) , and p38 MAP kinase (19) . Myofibroblast differentiation in response to TGF-b has been suggested to be mediated by p38, and inhibition of p38 has been reported to reduce pulmonary (20, 21) and renal (22) fibrosis in animal models. Yet some researchers reported no effect of inhibiting p38 on differentiation of lung fibroblasts into myofibroblasts (31) .
p38 is activated by stimuli such as ultraviolet radiation and hyperosmolarity and a variety of cytokines and growth factors that lead to its phosphorylation. Activated p38 phosphorylates a variety of substrates, including the kinase MK2, leading to its activation. MK2 in turn phosphorylates additional substrates, such as the small heat shock protein HSP27. The latter event leads to actin stress fiber formation because phosphorylated HSP27 no longer blocks the polymerization of actin (32) . We have investigated the p38-MK2-HSP27 pathway in endothelial cells and demonstrated that it mediates actin stress fiber formation in response to hypoxia (24, 33) . Our laboratory has also recently demonstrated that fibroblasts that lack MK2 contain less actin stress fibers than wild-type fibroblasts (4). These fibroblasts also contained significantly less a-SMA than their wild-type counterparts. Formation of actin stress fibers, which is expected to be reduced in MK2 2/2 cells that cannot phosphorylate HSP27, has been associated with increased cell contractility, which in turn can induce a-SMA expression (34, 35) . This effect, however, is not likely to explain the reduced a-SMA expression in MK2 2/2 MEF, because overexpressing phospho-mimicking HSP27 in these cells did not significantly increase a-SMA expression (data not shown).
Our recent manuscript also showed that the MK2 2/2 fibroblasts did not differ from wild-type cells in the activation of serum response element, which is one of the main pathways for a-SMA induction. However, MK2 disruption significantly reduced a-SMA mRNA stability (4), which is consistent with the known action of MK2 on cytokine expression (28, 36, 37) . As we have performed these experiments in MEF, and since populations of fibroblasts are known to be heterogeneous in the level of a-SMA being expressed, we further tested the relation of a-SMA expression to MK2 by transfecting wild-type MEF with MK2 siRNA. The latter approach also caused a reduction in a-SMA expression ( Figure 3A) . On the other hand, when we overexpressed constitutively active MK2 in MK2 2/2 fibroblasts, a-SMA expression increased significantly. These results coupled with the observations made in mouse lungs argue against the observed difference in a-SMA level being due to variation in isolated MEF populations, or due to developmental effects on a-SMA expression in MK2 2/2 mice from which the MEF were isolated. Indeed, the effect of MK2 appears to be specific to fibroblasts in the sense that we have seen intense a-SMA staining in smooth muscle cells in lung airways and vasculature of MK2 2/2 mice.
As myofibroblasts are believed to play an important role in wound repair and fibrosis, we evaluated whether the MK2 2/2 mice differed in their susceptibility to pulmonary fibrosis induced by bleomycin treatment. The MK2 2/2 mice developed more severe fibrosis in response to belomycin than wild-type mice, as judged by the amount of collagen deposited in their lungs, as well as by immunohistochemical evidence including increased cellularity and Trichrome staining. While the accumulated cells in fibrotic foci of MK2 2/2 mice were stained positively for vimentin, a fibroblast marker, they were not significantly stained for a-SMA. On the other hand, fibrotic foci of wild-type mice contained cells that stained positively for both vimentin and a-SMA. Our findings suggest that MK2 is needed for myofibroblast differentiation in fibrotic injury, yet its absence and lack of myofibroblasts formation appear to exacerbate fibrosis instead of ameliorating it. While this conclusion is contrary to commonly expressed views on the role of myofibroblasts in pulmonary fibrosis, the evidence for myofibroblast involvement in pathogenesis has been more circumstantial than direct. For instance, while myofibroblasts have Figure 5 . MK2 2/2 MEF proliferate faster and produce more collagen than wild-type MEF. When wild-type and MK2 2/2 MEF were seeded at equal density, and counted after 24, 48, and 72 h, MK2 2/2 MEF cell count increased faster than wild-type MEF cell count (A). MEF from wild-type and MK2 2/2 mice were seeded at equal density. After 24 hours, collagen was assayed as described in MATERIALS AND METHODS in conditioned media, as well as in attached cells. MK2 2/2 MEF produced more collagen than their wild-type counterparts (B). *Statistically significant difference from wild-type mean, P , 0.05 in t test.
been consistently observed around the site of fibrotic injury, earlier reports noted that they are there in the early phase of injury and disappear as fibrosis develops (30) . Thus myofibroblasts might be involved in the response to injury and play a protective role against fibrosis. Indeed, a very recent study of renal fibrosis in a-SMA-null mice seems to indicate that that is the case (38) . Nevertheless, other myofibroblast markers and properties need to be evaluated in the MK2 2/2 mice and fibroblasts before definitive statements can be made concerning the importance of myofibroblasts in the development of fibrosis.
In attempting to understand the cellular properties that render MK2 2/2 mice more susceptible to fibrosis, we compared the proliferative properties of MK2 2/2 and wild-type MEF. As shown in Figure 5A , the MK2 2/2 cells do proliferate faster than wild-type cells, which might explain their excessive accumulation in fibrotic foci. MK2 disruption might cause higher proliferative rates through various mechanisms, for example, by inhibiting HSP27 phosphorylation, which has been linked with growth arrest of fibroblasts (39) . In addition, the p38-MK2 pathway has been implicated in inhibiting proliferation through negative feedback of Ras signaling (40) , and inhibiting p38 has been associated with hematopoeitic colony formation (41) . It is noteworthy that kidney fibroblasts from a-SMA knockout mice also proliferate faster than wild-type kidney fibroblasts (38) , indicating that reduction of a-SMA expression in MK2 2/2 fibroblasts might be causally related to their faster proliferation. Thus the higher proliferative rate of MK2 2/2 MEF, coupled with increased collagen production, might explain the higher fibrotic propensity observed in lungs of MK2 2/2 mice.
Another property that was different in the MK2 2/2 MEF is that their migration was slower than their wild-type counterparts. As revealed by the wounding assay (Figure 6 ), MK2 2/2 MEF were slower than wild-type MEF in repopulating a scratched part of a culture plate. Such behavior has been reported earlier in MK2 2/2 cells (28, 42) . Since MK2 is known to alter cytoskeleton dynamics via modulating HSP27 phosphorylation, we tested whether the latter might explain the different migration properties. However, overexpressing phospho-mimicking HSP27 in MK2 2/2 MEF did not alter the migration significantly. Recently, MK2 has been shown to promote cell migration through its phosphorylation and activation of LIM kinase-1 (43) . It is possible that lack of a-SMA in MK2 2/2 fibroblasts renders them less contractile and therefore less motile. However, other studies related a-SMA expression to reduced motility (44, 45) , and a recent study on a-SMA knockout cells reported them to be more motile than wild-type cells (38) . Thus, MK2 might alter migratory properties of MEF through multiple mechanisms, and we speculate that the defective migration in addition to higher proliferation rate of MK2 2/2 fibroblasts perturbs their wound closure abilities, and exacerbates their accumulation, leading to fibrosis.
At the molecular level, MK2 disruption does not appear to affect Smad signaling, but p38 activation and likely MK2 activation in response to TGF-b occur somewhere downstream of Smad2/3 ( Figure 7) . Thus MK2, which would be downstream of both kinases, might be one target that is perturbed in pulmonary and other types of fibrosis. Our results suggest that MK2 is necessary for proper fibroblast function and differentiation Figure 6 . MK2 2/2 MEF are slower than wild-type MEF in repopulating a wounded part of the culture dish. Cells were scraped off subconfluent MEF culture dishes of equal density using a sterile pipette tip. After 24 hours, more wildtype MEF than MK2 2/2 MEF were observed in the wounded area. Overexpressing phosphomimicking pmHSP27 in MK2 2/2 cells did not reverse the defective migratory properties of MK2 2/2 MEF.
into myofibroblasts. Restoring that activity or increasing it through different approaches might be of therapeutic value in wound healing and fibrosis.
